Biotechnology in livestock comprises an arsenal of reproductive biotechniques and molecular genetics. While molecular genetics are poorly developed in swine, reproductive techniques are more advanced and applied under field conditions. This review describes three selected examples of our own research to illustrate the implication of biotechnology in future pig reproduction. Sperm sexing technology is now available and can be used to generate piglets of the desired sex by IVF and ICSI. First studies also indicate satisfactory success rates following intrauterine insemination with sexed spermatozoa. Cloning technique and production of transgenic pigs require information about the regulation and time course of gene expression during in vitro production and pre-implantation development. Information on gene expression is scare in porcine embryos. With the exception of transcripts for the oestrogen receptor gene, no mRNA's from the activated porcine genome have been identified. Recent development of cDNA arrays might help to identify a larger amount of genes in single embryos. Remarkable progress has been made in organ transplantation technology. As the demand for human organs is increasing rapidly, the pig might serve as donor of xenotranplants, provided the transmission of zoonoses from the donor animal to the human recipient is prevented, donor organ anatomy and function are compatible, and immunological rejections (HAR, VAR MAC) can be overcome. The most promising strategy is the synthesis of human complement regulatory proteins in the pig. Transgenic pigs have been generated for hDAF or hCD 46 and their hearts have been transplanted into non human primates for up to 90 days. HCD 59 driven by CMV promotor provides significant protection against HAR at least under in vitro and in vivo conditions. Current studies indicate a temporary use in patients within the next 3-5 years. As the microinjection technology to produce transgenic offspring is time consuming and very expensive, nuclear transfer technology provides a possibility for multiplication without going through the germ line with recombination effects. A functional nuclear transfer system will be crucial for xenotransplantation as it is anticipated that the expression of several transgenes will be required.
Introduction
Productivity in pig farming has increased significantly over the past decades. Major prerequisites to improve quantity as well as quality of animal products are based on biotechnological concepts, especially in the management of reproduction. In light of the increasing demand for high-quality animal protein at acceptable prices, the need to protect the environment as well the increasing use of the pig as an important biological model in biomedicine, biotechnological procedures mainly based on genomics will provide new opportunities to deal with future challenges. Biotechnology in livestock comprises an arsenal of reproductive biotechniques and molecular genetics . While molecular genetics are poorly developed in swine, mainly attributed to the few genes that have been sequenced and mapped from the porcine genome (Rothschild et al. 1997) , reproductive technologies are more advanced and already applied under field conditions ). Here we have selected three examples from our own research to illustrate the implications of biotechnology in future pig production in agriculture and biomedicine.
Gender Preselection of Piglets
Herd productivity can be increased by the use of animals with the sex that fits the best with performance. For example, in meat production, female pigs are superior to males, as they have a better food intake and a better energy conversion, resulting in higher daily weight gains and better meat quality. Additionally, castration of males may become an animal-welfare-relevant issue. As pork processed from male carcasses can hardly be sold in most European countries, it makes sense to produce only female piglets as the end product of the production chain. For specific breeding purposes, it may be beneficial to have either males or females depending on the breeding level.
In mammals, the primary information for sex determination is located on the short arm of the Y-chromosome (Sinclair et al. 1990 ). The sex chromosomes are equally distributed among sperm cells and the chance to become a male or female offspring is random at 50 : 50 quotes. A technology known as 'Beltsville Sperm Sexing Technology' (Johnson 1991) allows to identify X-or Y-chromosome-bearing sperm based on the relative difference in DNA contents, and to determine the sex of offspring prior to fertilization. The Beltsville Sperm sexing technology has been validated on the basis of live births, laboratory reanalysis of sorted sperm for DNA content and embryo biopsy for sex determination Welch and Johnson 1999) . The purity with regard to sex of the sorted spermatozoa exceeds 90%.
For sperm separation, spermatozoa of a given ejaculate are stained with a fluorochrome (Hoechst 33342, Sigma, St. Louis, MO, USA) that penetrates the sperm head membranes and binds to sperm DNA. As the Ychromosome is smaller than the X-chromosome, exposure of the sperm cells to LASER light results in two different fluorescence intensities that can be measured in a Flowcytometer modified for sperm sorting. Employing a high-speed Flowcytometer (Cytomation MoFlo, Fort Collins, USA) in its latest version, 30 000 sperm cells can be identified per second and up to 15 · 10 6 spermatozoa can be sorted per sex within 1 h.
Owing to the sorting technology, the availability of sorted semen is limited relative to the amount of spermatozoa in an ejaculate. Application in pig production will only be possible if the amount of spermatozoa necessary for fertilization can be drastically reduced. Even if a sperm sorter is operated 24 h a day, less than 360 million sorted spermatozoa will be available. Conventional porcine AI concepts require at least one billion spermatozoa per insemination and as heat detection is imprecise, routine AI includes double insemination within 12-24 h (Reed 1982; Hofmo 1991; Crabo and Dial 1992; Flowers and Ebenshade 1993; Steverink et al. 1999) .
Nowadays, three different methods are available to produce offspring with reduced sperm numbers:
(i) Oocytes are fertilized in vitro and embryos are transferred into recipients after being tested in vitro for their developmental potential. The number of spermatozoa required for in vitro fertilization (IVF) differs among boars and ejaculates but normally does not exceed 500 spermatozoa per oocyte. Oocytes are obtained either from hormonally stimulated gilts prior to ovulation or from slaughtered pre-puberal gilts. Oocytes from the latter source need to be matured in vitro to achieve their full fertilizing capacity. Populations of X-and Y-chromosome-bearing spermatozoa were successfully employed for IVF in pigs (Rath et al. 1997 Abeydeera et al. 1998 ) and resulting embryos were transferred to recipient animals. The sex ratio of the obtained piglets was as predicted. Although it is of great advantage to produce embryos in vitro with a small amount of sorted sperm cells, major difficulties exist to mature the oocytes fully and to assess their full developmental potentials. Strategies on how to improve in vitro embryo production are given below. Additionally, embryo transfer is hampered by the surgery that is required to obtain high-enough pregnancy rates. However, non-surgical embryo transfer methods have made great progress (Hazeleger and Kemp 2001) . (ii) Technology to maximize the use of sorted spermatozoa is the micro-mechanical introduction of a single sexed sperm cell into the ooplasm of a mature oocyte. Intra-cytoplasmic sperm injection (ICSI) is a standard technology employed in human-assisted reproductive therapy. ICSI in swine has only been successful in a few cases (Kolbe and Holtz 2000; Kim and Shim 2000; Martin 2000) . Recently, we were able to produce several litters from sexed spermatozoa employing ICSI and all offspring had the predicted sex (Probst et al. 2002) . We have tested different activation protocols after ICSI and found CaCl 2 to be most adequate for porcine oocyte activation without initiation of parthenogenetic development (Probst et al. 2002) . However, further studies will be necessary to optimize ICSI technology for farm animals. (iii) For practical reasons, it would be preferable to develop a method that allows one to initiate pregnancies by AI with a low amount of semen. It may be advantageous to reduce sperm losses that would normally occur during migration to the oviduct, by depositing sperm cells in close proximity to the oviducts. In synchronized heifers the semen dosage was reduced without major losses of fertility, when an insemination device was pushed deep into the uterine horn and semen was deposited near to the utero-tubal junction (UTJ) (Seidel et al. 1999) . We are currently testing several insemination regimes to identify the minimal number of spermatozoa required for regular fertilization in sows and gilts and to test the viability of sexed semen (Kru¨ger et al. 1999; Kru¨ger and Rath 2000; Martinez et al. 2000; Roca et al. 2002; Vazquez et al. 2002; Wolken et al. 2002) .
In the initial experiments, pre-puberal gilts, hormonally stimulated with Pregnant Mares Serum Gonadotrophine (PMSG) and human chorionic gonadotropin (hCG), were inseminated with 10 9 , 10 8 , 10 7 , 5 · 10 6 and 10 6 spermatozoa per uterine horn at 38 or 32 h after hCG treatment or at the time of ovulation. Pregnancy rates, farrowing rates and litter size did not differ significantly between these groups when more than 10 6 sperm had been used in 0.5 ml of the extender. In this experiment, gilts were usually not allowed to go to term, and were slaughtered 48 h after insemination. Embryos were collected and evaluated with respect to morphological integrity, and then cultured in vitro for 5 days to determine their developmental potential and to estimate the number of defective spermatozoa that may have fertilized the oocytes (Saacke et al. 1998) . Competition among sperm cells is diminished at low sperm concentrations. However, no evidence was found for an elevated proportion of incompetent sperms as long as the number of inseminated sperm was higher than 10 6 sperm cells.
With the lowest sperm dosage (10 6 ), significantly fewer oocytes were fertilized than in the other groups. Additionally, embryos derived from the lowest concentration of inseminates had a lower developmental competence as their cell cycles were prolonged from the second cell cycle onwards and none of these embryos developed to the hatched blastocyst stage. This may indicate that spermatozoa with non-compensable defects participated in fertilization (Kru¨ger and Rath 2000) .
In another experiment with stimulated gilts, the litter size of all groups was lower than one would expect from normal insemination but independent from sperm dosage and the time of insemination. To exclude hormonal and age effects, the experiment was repeated with sows after weaning and 10 9 , 10 8 and 10 7 sperm were inseminated surgically per horn. Additionally, two groups were inseminated once intra-cervically (conventional AI) with 10 9 or 3 · 10 9 sperm. However, the results from all groups were similar and litter sizes were similar to what could be expected after conventional AI (Rath 2002) . It seems that as long as more than 10 6 spermatozoa are deposited close to the UTJ (at least under research conditions), normal pregnancy rates and litter sizes can be obtained.
For nonsurgical AI into the uterus, Martinez et al. (2000) used a modified flexible-fibre endoscope that was pushed forward into the tip of the uterine horn. Pregnancy rates ranged from 87 to 89% and litter size was 9.4 to 9.8 piglets. Vazquez et al. (1999) observed no handling problems in the majority of sows upon inseminations when semen had been deposited with the flexible catheter into the tip of the uterine horn. Twenty million sperm diluted in 5 ml of extender were sufficient to produce pregnancies in all inseminated sows. Roca et al. (2002) used the intrauterine insemination technique to inseminate with frozen/thawed semen. No differences in pregnancy rate and litter size were found between thawed and fresh semen. Therefore, intrauterine insemination technique will be an ideal technology to extend the use of frozen/thawed as well as sorted porcine semen. Initial trials have also been performed with flow cytometrically selected spermatozoa (bulk sort) and have indicated that flowcytometry can yield sperm which then produce piglets of the desired sex. Recently a sow non-surgically inseminated with X-chromosome bearing spermatozoa (50 million spermatozoa in 5 ml Androhep (Minitu¨b, Tiefenbach, Germany)) delivered a litter of 11 piglets, all of which were females.
Recently Wolken et al. (2002) found that it may not be necessary to inseminate deep into the uterine horn. Instead of depositing the semen into the tip of the uterine horn, spermatozoa were deposited non-surgically into the distal part of the uterine horn approximately 30 cm away from the bifurcatio uteri. In a field-trial approximately 100 sows were inseminated after weaning with a special insemination device (Minitu¨b, Tiefenbach, Germany). The final concentrations of spermatozoa were 5 · 10 8 /20 ml; 1 · 10 8 /20 ml or 1 · 10 8 /10 ml and inseminations were performed only once pero estrus. A control group was inseminated with a conventional AI protocol using three billion sperm/100 ml. Sows were slaughtered 28 to 35 days after insemination and the foetuses were recovered. Pregnancy rates did not differ significantly between groups, and were higher when the insemination volume was 20 ml. Additionally, no differences were found in comparison with the conventional AI control group. The number of foetuses was not different among the experimental groups and was similar to the litter size from the previous pregnancy. These results suggest that distal insemination can be successful, but the minimal sperm concentration needs to be higher than for insemination into the tip of the uterine horn. Distal insemination is easier to perform and may reduce the risk of injury and infection of the uterine horns.
In conclusion, a sperm sexing technology is now available and can be used to generate piglets of the desired sex either by IVF or ICSI with sorted spermatozoa, or by non-surgical insemination into the uterine horn. All available methods require further improvement, but it can be expected that within the next 2-3 years large-enough numbers of sexed spermatozoa will be available for certain applications in pig AI as they are already available in the bovine and equine.
Gene Expression Patterns in Pre Implantation Embryos
Information on the regulation and time course of gene expression during oocyte maturation and pre-implantation development is crucial for a better understanding of embryonic development and refinement of reproductive technologies. 'Marker genes' correlated with regular pre-implantation development have been identified in mice and cattle (see Niemann and Wrenzycki 2000) . During the past years, we have analysed the products of genes, which are thought to play important roles during pre-and post-implantation development and, hence, have the potential to be used as genetic markers for embryo viability using the bovine embryo as a model. These genes are thought to be predominantly involved in the following physiological processes: compaction/ cavitation, metabolism, transcription/translation, DNA methylation, (oxidative) stress, growth factor/cytokine signalling, cell cycle regulation and growth arrest. Detailed analysis of gene expression patterns during pre-implantation development is a valuable tool for unravelling basic cellular and molecular mechanisms in the control of gene expression, developing improved embryo culture systems as well as enhancing strategies for production of transgenic animals and cloning.
In cattle and sheep, it has been shown that in vitro production (IVP) and cloning are associated with an increased incidence of calving problems and oversized calves (Kruip and den Daas 1997) , summarized under the term 'Large offspring syndrome' (LOS). It has been suggested that persistent alterations from the normal expression patterns may have detrimental effects on embryonic development and contribute to LOS (Young et al. 1998; Niemann and Wrenzycki 2000) . In bovine preimplantation embryos numerous aberrations from the normal expression pattern were found in in vitro-produced and nuclear-transfer-derived embryos including a complete lack of expression, an induced expression or a significant up-or down-regulation of a specific gene (for review see Niemann et al. 2002) . Recently, it was demonstrated for the first time that aberrations in embryonic gene expression patterns are related to an increased proportion of LOS in IVP-derived calves (Lazzari et al. 2002) . Till date, LOS has not been reported in piglets derived from the transfer of in vitro-produced or cloned embryos while an elevated proportion of embryonic and foetal losses has been observed.
Information on gene expression patterns in porcine embryos is scarce (Maddox-Hyttel et al. 2001) . In in vitro-derived porcine embryos, pronounced transcription is initiated at the 4-cell stage concomitant with the development of nucleoli, where the ribosomal RNA (rRNA) genes are transcripted. With the exception of transcripts for the oestrogen receptor (OSR) gene (Ying et al. 2000) , no mRNAs derived from the activated 84 H Niemann, D Rath and C Wrenzycki porcine genome have been identified. The transcript for OSR was found in 1-, 2-and 4-cell stages, disappeared from the 6-8 cell stage to the morula and reappeared at the blastocyst stage (Ying et al. 2000) . This pattern is important in light of previous findings that oestrogen plays an important role in the transformation of the pig morula to the cavitated blastocyst stage Elsaesser 1986, 1987) . In the pig, more information is available on gene expression patterns during elongation of the porcine conceptus. During this period genes for steroidogenic enzymes, extracellular matrix receptors, OSRs, growth factors and their receptors, retino-binding protein and retinoic acid receptors are expressed in a well-orchestrated manner (see Maddox-Hyttel et al. 2001 for review).
With regard to in vitro-produced and cloned pig embryos, nucleolus development was disturbed compared with in vivo counterparts. This indicates an aberrant activation of rRNA genes Laurincik et al. 2000; Maddox-Hyttel et al. 2001 ). Previously, we had already demonstrated differences in the timing of pronucleus formation and early cleavage between embryos derived from in vitro or in vivo maturation of oocytes (Laurincik et al. 1994 ). Even in vivofertilized porcine embryos cultured from the 2-and 4-cell stage to the blastocyst stage displayed marked differences compared with their in vivo counterparts (Hyttel and Niemann 1990) . Although in vitro production of porcine embryos has made great progress, the resulting embryos still show significant morphological aberrations compared with in vivo-produced embryos, with a dramatically reduced cell number as the predominant feature (Abeydeera 2001) . It can be anticipated that this would also lead to significantly aberrant gene expression patterns at the blastocyst stage. No difference was observed in the quantity of cyclin B1 transcripts in 4-cell embryos derived in vitro or in vivo (Anderson et al. 1999 ).
The present data on expression patterns for preimplantation embryos predominantly in bovine and mouse clearly indicate that mRNA phenotypes obtained from IVP or cloned embryos do not necessarily represent those of in vivo-derived embryos. It has to be investigated whether the findings for bovine embryos are similarly applicable for porcine embryos. It has to be taken into consideration that porcine pre-implantation development differs substantially from that in cattle. This could prevent from extrapolating the findings made for bovine embryos to the multiparous species pig. With the growing knowledge on porcine genomic sequences and function, it will be possible to define a set of 'marker genes' indicative for aberrations in porcine pre-implantation development to assess the 'normality' of porcine embryos derived from IVP and nuclear transfer. Gene transcripts representing a large number of essential functions in pre-implantation development will be selected by their importance in supporting normal development. A set of 'marker genes' provides insight into various physiological functions of pre-implantation embryos and will aid to optimize in vitro culture conditions and embryo technologies, i.e. cloning and generation of transgenic animals. The recent development of a sensitive cDNA array system for single mammalian embryos will be an important tool to unravel effects of IVP or NT on expression of individual genes and genetic networks . Finally, the results obtained from livestock species may also have implications for the application of assisted reproduction technology (ART) in humans and serve as a model for studying the effects of culture conditions on the transcriptional activities in human embryos.
Generation of Transgenic Pigs for Xenotransplantation
Approximately 250 000 people currently owe their lives to allotransplantation (the transplantation of an appropriate organ from human to human). In most cases, no alternative therapeutic treatment was available and the recipients would have died without the organ transplantation. However, the remarkable progress in organ transplantation technology, which today is the basis for the normal life of thousands of patients, has led to an acute shortage of appropriate organs on a worldwide scale. In light of an annual increase of approximately 50% in the demand of appropriate organs, the willingness to donate organs has remained unchanged or is even slightly reduced. Estimations in the USA have revealed that approximately 45 000 people, younger than 65 years need a heart transplant whereas only 2000 human hearts are transplanted annually (Michler 1996) . This has led to the death of several thousand patients every year, who could have survived if appropriate organs could have been available. To close this growing gap between demand and availability of appropriate organs, xenotransplantation (the transplantation of organs between discordant species e.g. from animals to human) is considered as the solution of choice. The pig seems to be the optimal donor animal because the organs have a similar size as human organs, porcine anatomy and physiology are not too different from human, pigs have short reproduction cycles and large litters, pigs have a rapid growth, the maintenance is possible at relative low costs and pigs are a domesticated species (Pinkert 1994) .
Essential prerequisites for a successful xenotransplantation are:
1. Prevention of transmission of zoonoses from the donor animal to the human recipient: This is of particular significance as it has been shown that endogenous retroviruses can be produced by porcine cell lines and can even infect human cell lines (Patience et al. 1997 ). However, until today no infection has been reported in patients who had received various living porcine tissues for up to 12 years (Paradis et al. 1999) . By employing a high-quality hygienic management, it has been shown that transgenic animals can be kept free from all known bacteria and viruses. Recent studies have revealed that the risk of virus transmission is very low (Dinsmore et al. 2000) . Furthermore, a certain inbred strain of miniature swine has been identified that failed to produce human-tropic replication competent porcine endogenous retroviruses (Oldmixon et al. 2002) . 2. Compatibility of the donor organs in anatomy and physiology with the human organ system: Not much is known in this area. Porcine organs transplanted into non-human primates were able to maintain a number of biochemical parameters within the physiological range. 3. Overcoming of the immunological rejection of the transplanted organs: The immunological hurdles are as follows (White 1996a ): (i) The hyperacute rejection response (HAR) that occurs within a few minutes. In the case of a discordant organ, e.g. from pig to human, naturally occurring antibodies react with antigenic structures on the surface of the porcine organ and induce HAR by activating the complement cascade. These antibodies activate the complement system in the recipient and the antibody-complement-complexes disrupt the endothelial cell layer of the blood vessels leading to lysis, thrombosis, loss of vascular integrity and ultimately to rejection of the transplanted organ.
(ii) The acute vascular rejection (AVR) that occurs within a few days and is thought to be induced by xenoreactive antibodies. The pathological symptoms are similar to those of the HAR. (iii) The cellular rejection occurs within a few days after transplantation. During this process, the blood vessels of the new organ are damaged by T cells, which invade the intercellular spaces and destroy the organ. This rejection occurs after allotransplantation (human to human transplantation) and normally is suppressed by administration of immunosuppressive drugs. These have to be taken by the recipients of a transplanted organ for the rest of their lives. (iv) The chronic rejection is a complex immunological process resulting in the rejection of the transplanted organ after several years. This process is slow and progressive and its aetiology is largely unknown. The only therapeutic possibility is another transplantation (White 1996a ).
When employing a discordant donor species such as the pig, overcoming of the HAR is the pre-eminent goal. This cannot be achieved by administering high doses of an appropriate immunosuppressive drug as these do not affect the complement-regulated rejection process. The complement cascade is activated via the antigen-antibody-complex and ultimately results in the formation of the membrane-attack complex (MAC). However, the complement cascade can be shut down at various points by expression of regulatory genes, which prevents the formation of MAC. Well known regulators of the complement cascade are CD55 (decay accelerating factor, DAF), CD46 (membrane cofactor protein, MCP) or CD59. The most promising strategy to overcome the hyperacute rejection response is the synthesis of human complement regulatory proteins in the pig (White 1996a,b) . Following transplantation, the porcine organ would produce the complement regulatory protein and can thus prevent the complement attack of the recipient. Pigs transgenic for DAF or CD46 have been generated and their hearts have been transplanted heterotopically into non-human primates (Langford et al. 1994; Cozzi and White 1995; Yannoutsos et al. 1995 , Diamond et al. 2001 . The average survival of the recipients was 40 days with maximum levels of 70-90 days whereas the non-transgenic control organs were destroyed by HAR within a few minutes. However, the recipients had to be treated with high doses of cyclosporin A and cyclophosphamide to achieve sufficient immunosuppression (White 1996b) . Following orthotopic heart transplantation, survival rates reached 20-25 days. Similarly, transgenic expression of hCD59 was compatible with an extended survival of porcine hearts following transfer into primates (Fodor et al. 1994) . We have recently shown that transgenic expression of hCD59 driven by the CMV-promotor provides significant protection against HAR in an ex vivo haemoperfusion system . Today transgenic expression of human complement regulatory proteins is considered to allow overcoming HAR in a clinically acceptable manner (Bach 1998) .
Employing the microinjection technology, transgenic projects with livestock species are time-consuming and very expensive. Nevertheless, remarkable progress has been made and it is anticipated that within the next 3-5 years organs from transgenic pigs will be used temporarily in patients for bridging until an appropriate human organ is available. The first clinical application of xenotransplantation is expected to be carried out from the years 2005-2007 onwards (Moran 1995; Michler 1996) . This would allow overcoming the serious problems associated with the significant shortage of appropriate organs. The availability of a functional nuclear transfer system employing transgenic donor cells will result in significant improvements of effectiveness of the gene transfer technology, and thus the availability of specifically tailored transgenic pigs to be used as organ donors.
Nuclear transfer involves transfer of a donor cell into an enucleated oocyte and subsequent fusion of both components. In general, the fusion of both components is achieved via electrical pulses (McGrath and Solter 1983) . When the donor cell has been taken up by the recipient cytoplasm, several molecular and biochemical alterations are required to reprogram the nucleus of the donor cell to make it developmentally identical with the nucleus of a zygote. Following successful fusion, a temporary in vitro or in vivo culture of the reconstituted embryo is performed until the desired developmental stage is reached. In sheep and cattle, this technology had achieved a considerable degree of efficiency employing embryonic cells. More recently, nuclear transfer has been successful with somatic cells from foetal and adult tissue in various species including cattle, sheep, mice and pigs (Campbell et al. 1996; Wilmut et al. 1997; Betthauser et al. 2000; Colman 2000; Onishi et al. 2000; Polejaeva et al. 2000) .
With the aid of nuclear transfer, existing transgenic animals could be multiplied without going through the germline with its recombination events. This ensures that the transgenic trait is found in an identical form in the cloned offspring. Cloning would also allow the direct use of transgenic founder animals, which are mostly hemizygous for the respective transgene. This would avoid the time-consuming back-crossing to generate transgenic lines.
With the availability of the appropriate cells or cell lines and their use in nuclear transfer, the generation of 86 H Niemann, D Rath and C Wrenzycki transgenic animals can be improved in a significant manner (Niemann and Kues 2000) . Cells cultured in vitro can be genetically modified via electroporation or other technologies. The success of the DNA-transfer in the donor cells can be assessed in vitro and only those cells with correct integration and maximal expression will be selected for nuclear transfer. This ensures that all offspring are transgenic. Although the integration of the transgene occurs at random, a considerable part of the testing for expression efficiency can be carried out in the laboratory instead of with the animals, as is the case with the currently prevailing microinjection technology. The validity of this concept has been proven recently by the delivery of transgenic lambs and calves Cibelli et al. 1998 ). In particular, foetal fibroblasts are appropriate for transfection followed by nuclear transfer. The major advantage of this methodological approach is a significant reduction in time and money for the generation of transgenic animals, but the gene is still inserted randomly into the host genome.
Further qualitative improvements are expected by the use of homologous recombination (Niemann and Kues 2000) . Numerous studies in mice have shown that EScells can be genetically modified via techniques of homologous recombination. When a knockout of a gene is intended, a homologous targeting construct is employed with either the neomycin or another antibiotic gene to interrupt the sequence of the endogenous gene. The construct bears the sequence of the desired structural gene when an additional protein is to be produced. The respective targeting construct is exchanged against the endogenous gene leading to a knock-out or knock-in. As the targeting construct only recognizes homologous sequences and only recombines with these sequences, integration of the transgene occurs in a targeted manner. The ES-cells can be tested for correct integration and expression of the transgene and are subsequently transferred to an enucleated oocyte. Despite numerous efforts, the generation of ES-cell lines suitable for homologous recombination has not been successful in livestock species. Recently, however, the delivery of transgenic offspring in cattle has been reported in which stem-cell-like cells have been employed (Robertson 1997; Cibelli et al. 1998) . Very recently, successful homologous recombination has been achieved with surprisingly high efficiency for the very first time in primary somatic cells (foetal fibroblasts) from sheep and pig (Denning et al. 2001 ). This raises hopes that the generation of transgenic livestock will be improved significantly in the very near future, and will also be of great value for the generation of transgenic pigs to be used in xenotransplantation. The usefulness of the recently reported Gal-Knockout pigs for studies in xenotransplantation is currently under investigation (Dai et al. 2002; Lai et al. 2002) .
It is anticipated that expression of several transgenes will be required for a successful xenotransplantation. This could be possible with the availability of appropriate somatic or foetal cell lines such as foetal fibroblasts. The enormous recent progress in this area also in the pig suggests that this will be realized in the foreseeable future.
Concluding Remarks
In swine, key technologies such as cryopreservation and in vitro production of embryos or somatic nuclear transfer are lagging behind the development in cattle . Here, we have shown that sexing and related technology including non-surgical insemination with low doses of the inseminate provide a 'package' that could drive this technology into field application within the next few years. This would be an important cornerstone towards the development of a diversified and targeted pig production. On the other hand, the data currently available on porcine xenotransplantation indicate that HAR can be overcome in a clinically acceptable manner and other major problems of this technology can be tackled. First clinical tests with transgenic porcine organs could possibly be performed with in next 2-4 years. A functional nuclear transfer system would be crucial to develop novel agricultural and biomedical benefits of pig production.
Currently, extended in vitro culture and cloning of porcine embryos only yield low efficiencies and in cattle, sheep and mouse abnormalities have been observed in offspring derived from these technologies (see Niemann and Rath 2001; Niemann et al. 2002) . mRNA-phenotyping of early embryos will be an important tool in ensuring the delivery of normal embryos and offspring. Based on the extended experience in bovine embryos and the recent advances in cDNA-array technology for single embryos , it will be possible to identify genes that could serve as a marker for pre-implantation pig development. The delivery of normal piglets is an essential prerequisite to secure animal welfare and to gain public acceptance for animal biotechnology.
